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Passivation of corroding surfaces in aluminum etch pits and tunnels was 
investigated by step reductions and cathodic pulses in applied etching current. 
Morphology study shows that, in the early stage of passivation, the corroding 
surface consisted of recessed patches, which are actively dissolving surface, and 
flat passive area. These active patches are found within the potential range 
between the potential of zero charge (Ep^c) and the repassivation potential, and 
the actively corroding area increases with potential, from zero near Ep^c to the 
entire surface at the repassivation potential. A mathematical model describing the 
progress of passivation was developed and compared to experimental 
measurements. The calculation indicated that patchwise passivation takes place 
in times less than 100 jjs and the fractional active area is a function of potential 
below the repassivation potential. It thus suggests that the patches are islands of 
specifically adsorbed chloride ions, so that the passivation is controlled by 
desorption of these ions. For cathodic current pulses, the effect of pulse time and 
current pulse ratio on passivation and pit nucleation was investigated through the 
morphological study of actively dissolving tunnel tip surface and accompanying 
potential transients. 
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1. INTRODUCTION 
Most metals and alloys have an oxide film on their surfaces as a 
consequence of a reaction with the environment. Some of these protective films 
show a good resistance to corrosion and therefore, make it possible to use 
metallic material for industrial applications. This characteristic is said to be 
"passive". However, breakdown of protective oxide films on metals and their 
alloys occurs when the passive film becomes unstable chemically or 
electrochemically (1), and leads to metal corrosion. Corrosion deteriorates the 
metal and the costs of corrosion have been estimated in the region of 4% of the 
gross national product (2). 
When breakdown occurs at localized sites on a metal surface, localized 
corrosion is observed. The metal dissolution rate in localized corrosion is orders 
of magnitude greater than uniform corrosion and structure failure may occur after 
a period of corrosion. There are three main types of localized corrosion 
depending on the type of metal undergoing corrosion and its environment : pitting 
corrosion, crevice corrosion and stress corrosion cracking. The mechanism of 
passivation breakdown has been extensively studied, and various theories and 
models have been proposed by Kolotyrkin (3), Uhlig (4), Hoar (5) and Sato (6) 
and others. However, the complexities surrounding localized corrosion such as 
severe concentration and potential gradients near the metal surface, complicated 
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geometry etc., make it difficult to distinguish between these mechanisms. 
Once the breakdown of passivity occurs, metal dissolution will continue 
until the critical condition for repassivation is met. Repassivation is a regain of 
passivity on metal surfaces after some active dissolution period. Passivation 
(repassivation) has been studied with electrochemical methods by investigating the 
relationship between the current (or potential) and time under a constant potential 
(or current) condition, and various models for passivation have been suggested; 
for example, potential-dependent competitive adsorption on the active metal 
surface (5), chloride ion concentration adjacent to the metal surface(7), critical 
acidification of the solution in the pit (9), the presence of an precipitated salt layer 
on the active pit surface (8), etc. These models have been developed by 
considering the solution composition or potential near the dissolving surface. 
However, the morphology change of active dissolving metal surface due to 
passivation has not been studied extensively. Repassivation in aluminum 
corrosion will be investigated in this work. 
Aluminum is covered with protective oxide films which was formed 
immediately when it is exposed to air, but this protective oxide film can be 
damaged in the presence of aggressive anions. Pitting is a common observation 
in aluminum corrosion. Aluminum pits show a unique geometry as a result of 
anodic current etching in hot HCI solution. Cubic etch pits are initially formed in 
the early stage of etching and become tunnel-like structures after etch times of 
several seconds. Fig. 1.1 shows the oxide replica of an etched surface showing 
Figure 1.1 Scanning electron micrograph of oxide replica of aluminum etch 
tunnel structure. 
0025 :  5KV X750 10|Jm MD: i5 
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tunnel structures. Tunnels grow along <100> crystallographic directions and have 
a width of 1-4 pm. During tunnel growth, the tunnel sidewalls are covered with a 
passive oxide film and metal dissolution is limited to the tunnel tip surface. Tunnel 
tip area is maintained constant during tunnel growth. The active dissolving tip 
surface can be easily discerned with microscopic observations because of its 
simple and linear morphology. When the applied etching current is interrupted by 
step reduction, partial passivation of the con-odlng tip surface is induced. This 
partial passivation causes the tunnel width to constrict, while the remaining tip 
surface continue to grow. Hebert and Alkire (11 ) suggested that the potential at 
the tunnel tip surface remains near the repassivation potential during tunnel 
growth, and passivation of the metal surface is controlled by potential deviations 
from the repassivation potential. 
In this work, passivation within aluminum etch tunnels is induced by both 
pulsed current reductions and step current reductions. The topographical changes 
of etch pits and tunnel tip surface due to step current reductions are studied with 
scanning electron microscopy and atomic force microscopy. Accompanying 
potential transients are used to investigate the repassivation kinetics, and a 
mathematical model describing the progress of passivation at early times is 
developed and compared to experimental transients. In this way, the passivation 
mechanism of actively dissolving aluminum surface will be proposed. In current 
pulse experiments, the effect of current pulse time on the passivation and pit 
nucleation will be investigated through the topographical study and accompanied 
potential transients. 
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2, LITERATURE REVIEW 
The breakdown of passive film and repass:vation, defined as regain of 
passivity after some active metal dissolution, has been widely discussed in relation 
to the stability of metals toward corrosion (13,14,15). However, the complexities 
surrounding localized corrosion make it difficult to understand these processes. 
This chapter intends to review (1) several models which describe the passivity 
breakdown and repassivation, and (2) aluminum etching phenomena associated 
with these processes. 
2.1 Breakdown of passivity and repassivation 
Breakdown of passivation of metals occurs in the presence of aggressive 
anions such as CI", Br', etc. When this process is restricted to a localized area, 
particular forms of corrosion, i.e., localized corrosion, are observed: crevice 
corrosion, pitting corrosion and stress corrosion cracking. These are dependent 
on the type of metal being corroded, its surroundings at the time of corrosion, and 
the mechanisms. 
Pitting corrosion is characterized by the presence of a number of small pits 
on the metal. There are several important aspects in pitting corrosion (16): (1) 
The pitting potential is defined as the potential below which the metal surface 
remains passive, and above which pits nucleate on the metal surface. It has been 
shown that the pitting potential of a metal is a function of the concentration of the 
aggressive anion. (2) The repassivatlon potential is th potential at which corroding 
surfaces passivate. (3) The induction time is the experimentally measured time 
between the injection of aggressive anions, or change of potential, and the first 
evidence of pit nucleation. 
The nature of the mechanisms by which aggressive anions can remove the 
passive film on a metal surface is controversial. Kolotyrkin (3) and Uhlig (4) 
suggested that the passive film is an adsorbed film of oxygen and, breakdown 
occurs when a more strongly adsorbing anion displaces the oxygen fomiing the 
passive film. After the CI ion is adsorbed on the surface, the breakdown process 
is initiated because the bonding of the metal ions to the metal lattice is weakened. 
The other models indicate that the CI ions migrate through the film, ptoduce 
defects, or undergo some sort of ion exchange process. Hoar (5) suggested that 
anions produce 'contaminated' passive films and the contaminated site becomes a 
path of high conductivity where high cation cunrents promote the initiation of 
pitting. Another migration model proposed by Lin et al. (17) is that metal holes 
(cation vacancies) accumulate at the metal/film interface and this collection of 
metal holes results in a growing void at the metal/film interface which causes the 
passive film to suffer a local collapse when the void reaches a critical size at the 
end of the induction period. 
Strehblow (7) and Sato (6) suggested a model for chemically induced 
mechanical disruption of the passive film. Hoar (18) suggested that the adsorption 
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of CI" on the surface of the passive film lowers the interfacial surface tension 
(surface free energy) at the solution interfaces because of the mutual repulsion of 
the adsorbed anions. When the repulsive forces are sufficient, the passive film 
cracks and damaging anions can attack the metal exposed. However it is hard to 
tell that only one mechanism is responsible for passivation breakdown in various 
systems and conditions. 
Once pits are initiated, they continue to grow until the critical condition for 
repassivation is met. The repassivation of a metal surface indicates the regain of 
passivity after some active dissolving period. The conditions under which a metal 
will be in a passive state are determined by the electrical potential of the metal 
and the composition of the solution surrounding it. The repassivation potential is 
the potential above which the active surface will continue to dissolve and below 
which the active surface will passivate. The empirical dependence of the 
repassivation potential on the anion concentration is 
E„  = a ' -b ' \oqC (2.1)  
where C represents the anion concentration and, the proportionality factor b' are 
affected by the buffers used and typically greater than RT/F. a' is empirically 
obtained. The existence of a critical repassivation potential is a general 
observation for pitting of passive metals; however, there is disagreement on the 
fundamental mechanism of passivation. 
Several different mechanisms have been developed for pit stability and 
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repassivation. Strehblow (7) and Hakkarainen (19) suggested that the 
accumulation of aggressive anions (CI ) is a necessary condition for pit stability. 
The formation of a passive layer Is prohibited in an environment with high CI 
concentration which results from metal dissolution and the accumulation of 
corrosion products. At high potential, the rapid dissolution inside the pit is able to 
keep the concentration sufficiently high. As the potential is lowered, the 
dissolution rate slowly decreases until the rate of dilution of the pit solution 
exceeds the metal dissolution rate. Hoar (20) proposed that the formation of an 
oxide monolayer which is firmly attached to the metal occurs very fast and is 
limited by the rate of H"" transfer from adsorbed water molecules to the solution. 
This process can be hindered if the Helmholtz double layer contains a high density 
of adsorbed anhydrous anions and therefore chloride ions have to be replaced by 
water molecules or hydroxyl ions before the reaction occurs. 
M ^ H^O - MO{S) + 2H^ + 2 e -  (2.2) 
This displacement may be slow and difficult in a solution containing chloride ions. 
Okada (21) proposed that as the potential of the metal surface decreases 
from the state where pitting is in progress, the rate of the metal dissolution 
reaction decreases and HgO concentration at the metal surface increases, so that 
repassivation takes place. A thin oxide film forms at the pit bottom covered with 
nonprotective film. This oxide film extends over the active area at the pit bottom 
and then the thickness of the oxide film increases; finally it prevents the 
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dissolution of the metal. According to this mechanism, the repassivation potential 
is very close to the critical pitting potential. Beck (8) assumed the presence of the 
adsorbed salt layer on the active surface area, and observed that continuous films 
of the corroding metal salt were formed on titanium in bromide solution and on 
iron and magnesium in chloride solutions. The formation of metal halide salt for 
several metals is 
M  ^  z X -  - MX^ + ze- (2.3) 
in which a layer of anhydrous metal salt covers the metal surface, it was reported 
that the agreement between the critical potential for pitting and the standard 
potential for the above electrochemical reaction is quite good for iron, nickel, and 
magnesium chlorides, but less good for AICI3 (22). The general criterion for 
formation of a salt film on a corroding metal is that saturation of the metal salt 
occurs at the metal/electrolyte interface. This criterion is met when the mass-
transport-limiting current density for the metal ion is less than the ohmic-limited 
current density (23). That is, metal halide dissolves at the salt/electrolyte interface 
and water diffuses through the salt film. If the potential shifts so that metal salt is 
produced less rapidly, the thickness of the layer will decrease and the thinner 
layer allows water to diffuse to the bare metal surface where it reacts to form a 
passive surface. Therefore pit stability is determined in part by a kinetic process. 
Kolotyrkin (3) and Uhlig and Bohni(4) proposed that passivation occurs as a 
result of competitive adsorption between the chloride ion and oxygen at the active 
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surface and, the passivation reaction at the active surface is 
AI{Ctf-^ + yH^O + 30- « AI{OHz)y + zCr (2.4) 
where y and z are stoichiometric coefficients. The equilibrium potential is given by 
Eq. (2.1). The equilibrium potential for this reaction is the repassivation potential 
at which oxygen can reversibly replace the chloride ion at the metal surface. 
Thus, corroding metal surfaces stop growing when the surface potential is brought 
below a critical repassivation potential. Explanations of the repassivation potential 
according to other model are less direct. 
These experimental observations of passivation have been mainly confined 
to electrochemical current measurements. Such measurements give information 
only about passivation rates averaged over a surface, in focusing on the ultimate 
cause of passivation, both experiments and models have largely ignored the 
micro-heterogeneity of the surface being passivated. However recent studies 
using scanning tunneling microscopy (STM) and atomic force microscopy (AFM) 
on electrode surfaces have revealed that there is a wealth of topographical detail 
on a sub-microscopic scale associated with electrochemical oxidation and 
adsorption processes. Bard et al. (50) studied a Ni electrode polarized in the 
active dissolution region and at rest. The results indicated that the passive film 
constitutes an electronically, as well as ionlcally, resistive layer. In a study of iron 
in borate buffer solution, Bockris et al. (24) observed that the initiation of oxide 
13 
formation starts in the form of patches or clusters which fuse together with time 
forming a smooth layer on the metal surface. Nichols et al. (25) presented STM 
images of Au (100) electrode surfaces which have been recorded at potentials of 
electrochemical oxide formation. Images recorded during the initial stages of 
oxide formation indicated an island-growth mechanism. In addition to these, both 
STM and AFM have been used to probe the metal dissolution process. Pickering 
et al. (51) observed a roughening of Cu surface, which may be caused by a 
preferential etching of low index (hkl) surface. Alkire et al. (52) also investigated 
the shape evolution of polycrystalline Cu during anodic dissolution in 0.5 M HgSO^ 
with atomic force microscopy. Fan and Bard (53) studied the corrosion of 
stainless steel in aqueous chloride solution with STM. 
In this work, the passivation of actively dissolving aluminum surface is 
investigated. This particular system will be reviewed in the following section. 
2.2 Aluminum etching in HCI solution 
When aluminum is etched in hot chloride solution, aluminum is selectively 
dissolved in a number of isolated sites. The morpholgy of aluminum dissolution 
has a very unique form, which looks like a tunnel as shown in Fig. 1.1. These 
tunnels originate from small cubic etch pits. Tunnels are 1 - 4 pm wide and keep 
their widths constant but become tapered at temperatures higher than 70°C . 
They grow along <100> crystallographic directions and growth velocities are 
several microns per second (11,26). As temperature increases, tunnel growth rate 
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increases. Tunnel etching has been used for manufacturing an electrolytic 
capacitor to create a high surface area. Dunn et al. (27) found that tunnel 
morphology depends on microstructure of the aluminum and on etching conditions. 
With increasing current density in electrochemical etching, the number of etch 
tunnels per unit area increases and tunnel diameter decreases. Arai et al. (28) 
investigated the effect of impurities, particularly bismuth and boron, on etching 
morphology and capacitance of aluminum electrolytic capacitor foil. A small 
amount of impurities in foil, 2 or 3 wt-ppm, strongly accelerated surface etching 
but inhibited tunneling and consequently lowered capacitance. Edeleanu (29) 
discussed the nature of tunneling and showed that tunneling occurred in <100> 
directions in the aluminum. 
Baumagartner and Kaesche (30,31) proposed that pit initiation is favored on 
pre-existing flaws present on the AI oxide film. Pits are nucleated by the direct 
halogenization of the bare AI surface and the tunnel propagates as the local 
accumulation of Al*^ and CI' take place, lowering the pH. They suggested that the 
tunnel growth is sustained by sequential dissolution and passivation. This 
sequence is as follows: a pit is initiated at the tunnel tip and grow to fill the tip 
cross section, and this new tip surface is passivated. The next sequence starts at 
the tip surface again. However, this suggestion is open to questions. As Alwitt et 
al. (26) pointed out, it is not dear why the centerline of the tunnel remains fixed 
during growth. Although the dissolution on the tip face is expected to spread 
symmetrically from the breakdown point, dissolution stops near or at the previous 
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wall boundary, independent of the point of initiation. 
Alwitt et al. (26) observed that tunnels originate from cubic etch pits which 
grow to a certain size at which they transform to tunnels. At the transformation, all 
but one of the pit wall surfaces become passivated. That is, during etch tunnel 
growth, metal dissolution occurs from its tip surface, at current densities of several 
A/cm^, while the tunnel sidewalls are covered with a passive oxide film which 
prevents corrosion. They also observed that tunnel growth rate increases with 
increasing temperature, and it is not changed after etching current is step-reduced 
to a lower current, indicating that the step reduction had no effect on tip current 
density. The reduction in applied current density was accommodated by a rapid 
reduction in active area. The nonactive tip area was repassivated at the same 
potential that supported active dissolution on the rest of the tip surface. Other 
observation in this work is that the metal weight loss during etching is 10-15% 
greater than calculated for the faradaic charge, due to cathodic hydrogen 
evolution. However it is not clear whether this gas is evolved from the tunnels or 
the surface of aluminum. 
Dyer et al. (32) investigated the electrochemical etching of AI with alternating 
current. AC etching produces a high density of cubic etch pits covered with a film 
of oxide or hydroxide. This film was deposited during the cathodic half cycle 
immediately following pit formation. The authors presented a model to explain the 
film deposition by considering the time for pH adjustment and AI(0H)3 
precipitation, and the calculations suggested that pH adjustment is the critical step 
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in the film formation process. 
As a result of the simple linear geometry of tunnels, the corroding tip 
surface can be readily identified in microscopic observations, so that topographic 
changes resulting from passivation can be investigated. Hebert (33) developed a 
mathematical model of transport processes during tunnel growth to determine the 
conditions in solution at the tunnel tip, where passivated and actively dissolving 
aluminum surfaces coexist. These calculations indicated that, during steady 
tunnel growth, the potential at the tip remains close to the critical repassivation 
potential. It was suggested that deviations of the potential at the metal surface 
from the repassivation potential control passivation. Other important observations 
are the measurement of metal dissolution rate and the effect of hydrogen evolution 
on tunnel growth. Differential metal dissolution rates of tunnels were measured by 
superimposing AC signal on the applied current, followed by microscopic 
observation with scanning electron microscope. The growth rate was constant 
with length, indicating that it is insensitive both the concentration field and the 
interfacial potential difference. Thus, its rate determining step involves neither 
charge transfer nor mass transport. Transport models and potential transients 
study after current reductions suggested that despite the large thermodynamic 
driving force for hydrogen ion reduction in tunnels and the visible evolution of 
hydrogen from AI surface during etching, no hydrogen bubbles are evolved within 
tunnels during steady tunnel growth, but that a limited amount of hydrogen is 
formed when the active surface is passivated. This work Indicated that the critical 
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step in passivity is the adsorption of oxygen species at the monolayer level. 
2.3 The present work 
Tunnels are a dominant structure after etching of several seconds in hot 
chloride solution. Since the tunnel tip is the only area which metal dissolution 
takes place during anodic etching, passivation, if exist on the tip surface, can be 
identified by microscopic observations, so that topographic changes resulting from 
passivation can be monitored. Reduction of the applied current during etching 
initiates partial passivation of the corroding tip surface. This partial passivation 
causes the tunnel width to constrict, while the remaining active tip surface 
continues to dissolve. The present work will examine surface topography changes 
at earlier times resulting from passivation within etch pits and tunnels, and the 
potential transients accompanying the topography change will be modeled and 
compared with experimental potential transients. 
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3. EXPERIMENTAL 
This section will include the description of experimental apparatus and 
procedures. 
3.1 Experimental apparatus 
Specimens used in the etching experiment were 99.99% purity aluminum 
foil (KDK Co., Japan) which had been manufactured for use in electrolytic 
capacitors. The AI foil was provided in a form of rolled film. Tunnels were the 
dominant etch structures in acid solutions at high temperature. The foil was cut 
into the size which fits the cell (Fig. 3.1), and was placed in a glass holder which 
had a window to the etching solution. A schematic drawing of foil holder is shown 
in Fig. 3.1. The area of exposed AI surface during etching was 5.07 cm^. The 
design of holder is similar to that used by Alwitt et al. (26). As a counterelectrode, 
platinum was used and fixed on the holder in a semicircular shape. This design 
was intended to give a unifomi current density over the electrode surface and 
resulted in a uniform tunnel density over the electrode. As a reference electrode, 
a Ag/AgCI/4M KCI electrode was used to measure the potential and placed 
behind the holder during etching; the distance between the AI electrode and 
reference electrode was considered to be infinite and thus, the measured potential 
was insensitive to the exact location of the reference electrode in this position. 
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Figure. 3.1 Schematic drawing of foil holder. 
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Solutions used for both etching and pretreatment were prepared using 
reagent grade chemicals and deionized water. The beaker which contained the 
etching solution was placed on a hot plate (Corning PC-351) and solution 
temperature was maintained constant during etching because of the large amount 
of solution. The solution was agitated during etching with a magnetic bar. 
Fig. 3.2 shows a schematic diagram of the experimental set up. A 
potentiostat/galvanostat (EG&G PAR 273) was used to supply the applied 
current/potential during etching. A personal computer (IBM AT 386 compatible) 
and GPIB-PC2 (National Instruments Co.) interface was used to modulate the 
applied current waveform and execute the etching experiments. The transients in 
both potential and current were measured and stored using a high speed 
voltmeter (Keithley 194A). The digital voltmeter has a minimum 10 ps sampling 
rate with a resolution of 10 pV within 3.2 V measurement range, and it can read 
up to 32,000 points at a time. The measured potential transients were transferred 
to the computer via a GPIB interface and processed by the software package 
(Asystant). In case of current cycling experiments, the cathodic current pulses 
were generated by a pulse generator (Datapulse 106A) and superimposed on the 
anodic current from potentiostat/galvanostat. 
The morphology of aluminum surfaces after etching in acid solution was 
observed with either scanning electron microscopy (SEM, JEOL-JSM 840) or 
atomic force microscopy (AFM, Nanoscope III, Digital instruments). Oxide replicas 
of the specimen were used for SEM because the direct observation of the 
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Figure 3.2 Schematic diagram of experimental set up. 
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specimen can not give information about the inside etch structures which had the 
shape of narrow tunnels. The procedure for making oxide replicas is described in 
next section. However, SEM has a limitation for imaging of very fine structures 
having a few tens of nm dimension. On the other hand, AFM has an atomic scale 
resolution and can acquire three dimensional surface topography (34,35,36), AFM 
images are obtained by measurement of the force on a sharp tip created by the 
proximity to the surface of the sample. AFM was invented by Binnig et al. in 1986 
(37,38). However, AFM also has diffculty in obtaining the direct images of the 
etched surface because of the size of scanning tip. The tip cannot approach and 
trace the tunnel bottom because its size is bigger than the tunnel mouth. Thus, 
AFM imaging was carried out on replicas of etched surfaces and Fig. 3.3 shows 
the replicated image of aluminum pits with AFM. in the following paragraph, the 
operation of AFM will be described. 
AFM images the sample surface by mechanically tracing its topography 
using a 100 pm long cantilever with a pyramid-shaped SigN^tip. The sample was 
placed on an XYZ piezoelectric scanner. This scanner moves the sample in a 
raster pattern while the tip is in contact with the sample surface. The maximum 
scan size was determined by the piezoelectric scanner. (J head in Nanoscope III 
can scan up to 132 x 132 pm^ in area and 5.46 pm in height.) Topographical 
change of the sample surface caused the cantilever to deflect, and the deflections 
of the cantilever were detected by a laser beam reflected off the back of the 
cantilever into a two-segment (position-sensing) photo diode. A feedback loop 
Figure 3.3 Atomic force micrograph of epoxy replica of etch pits. 
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moves the z translator as necessary to keep the beam position constant. This z-
axis displacement is read as the iieight of surface features and displayed as a 
gray-scale image. Fig. 3.4 shows the sketch of AFM optical sensing system. 
3.2 Experimental procedures 
Prior to etching experiments, specimens were pretreated in 1 N NaOH 
solution at room temperature for 20 min and washed with water, and then dried in 
air. The effect of pretreatment will be discussed later. Etching was carried out at 
65°C in 1 N HCI solution, which gives a good tunnel distribution. The etching 
current waveform was applied immediately after specimens were immersed into 
the solution. A base applied current of 40 mA/cm^ was used in most cases. 
After etching, the sample was taken from solution and its surface was 
cleaned with delonized water. In order to observe the morphology of etch 
structure with SEM, oxide replicas of the aluminum were prepared by anodizing 
the sample in ammonium phosphate solution (1.4 g/l) at room temperature. A SO­
TS V anodic film (60-8S Â) was formed at 5-10 mA/cm^. After anodizing, the 
sample was cleaned again with deionized water, cut into a 1 cm^ piece, and 
placed on a microscope slide with the etched side down in a beaker. A 
bromine/methanol solution (10% bromine by volume) was then poured over the 
sample. The unetched side of the sample was scratched to enhance the metal 
dissolution. After the aluminum dissolve completely, the remaining oxide film and 
slides were taken out of solution. Since the oxide film was thin and fragile, it was 
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carefully handled using an eyedropper filled with methanol until it was place on the 
3/8" graphite SEM stub. The film was folded to observe both inner and outer side 
of the sample structure. The oxide replica was dried and sputter coated with gold 
to give a conducting surface for the SEM. 
AFM imaging was also carried out on replicas of etched surfaces. 
However, oxide replicas were not used for AFM because the fine structure on the 
surface, which may represent the important features in this research, can be 
washed out during anodic oxidation. Therefore, replicas were fabricated using 
epoxy (Petropoxy 154, Structure Probe, Inc.), After etching in solution, 
specimens were dried in vacuum and then covered with a mixture of resin and 
curing agents, and heated overnight on a hot plate. After curing, the metal was 
stripped from the replica with bromine/methanol solution. The epoxy replicas were 
cleaned with methanol and dried in vacuum, 
AFM observations were restricted to micron size cubic etch pits which were 
less than about 0.5 pm in height. Stable images of tunnel tip surfaces could not 
be obtained in either air and solution, because of the large (> 1 pm) and sudden 
vertical difference between the surrounding surface and the tunnel tip. 
In order to measure the tunnel length with SEM, two micrographs of a 
tunnel were taken from two different tilted angles, typically 0° and 45°. On both 
micrographs, projected tunnel lengths in x and y directions were measured and 
the true lengths of tunnels were determined by considering tilt angles (33). 
The weight loss from the sample during etching with or without current 
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cycling was measured by an electronic balance (Metier AE163). Tunnel growth 
rates were determined using the superimposed ac technique (39) or by tunnel 
length measurements for various etching times. The growth velocity was 2.1 
pm/sec. The metal dissolution current density equivalent to this growth rate is 6.1 
A/cm^. 
A Zeiss SEM-IPS image analysis system (Zeiss-Kontron; I BAS version 1.3) 
was used to quantify the area of patches produced after current reduction 
experiment. After SEM and AFM pictures of the tunnel tip were taken from a top 
view, the patches and tip boundary were traced on a transparent paper. This 
tracing paper was placed on a Chromapro 45 lightbox for even illumination and 
viewed with a Sony DXC-3000A 3CCD color video camera. The area and 
perimeter of each patch were then measured. The caliper was used for patches 
with shapes of patches. 
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4. RESULTS and DISCUSSION 
The results of the study of passivation of actively dissolving aluminum 
surfaces are presented and discussed in this chapter. Morphology change of tip 
surfaces during passivation is described and a mathematical model of potential 
transients during the formation of passive film is developed . 
4.1 Repassivation of actively dissolving tunnel tips 
4.1.1 The effect of pretreatment 
The small etch pits nucleated during the eariy stage of the anodic applied 
current etching become tunnels which have high aspect ratios. Prior to etching, 
samples are pretreated to produce a high density of tunnels. These pretreatments 
resulted in changes of the structure or composition of the oxide film, and also 
have an effect on tunnel number density, tunnel length distribution and 
passivation. Samples pretreated by HCI at room temperature give a wide 
distribution of tunnel length, which indicates that some tunnels are growing but, at 
the same time, others are dying and new pits are nucleated. On the other hand. 
Fig. 4.1 shows that a relatively uniform distribution of tunnel length is obtained by 
immersing AI samples into NaOH solution before etching. In this case, nucleated 
pits on the surface at eariy etch times have a high probability of developing into 
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Figure 4.1 Tunnel length distribution for constant current etching experiments; i^ ^ = 40 mA/cm^, 
etch time 10 s, and 1 N HCl at 65°C. 
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tunnels. This makes it possible to study tunnel structure in detail and 
quantitatively. 
Wiersma (40) observed that the potential transient during etching, the pit 
morphology and density were influenced by the change in pretreatment. The 
significant change in the shape of initial potential transient was due to the change 
of the AI surface oxide film which determines the rate of nucleation. 
When the current is stepped down to a lower current during etching, the 
NaOH pretreated sample shows a uniform partial passivation on each active 
tunnel tip, but the HCI pretreated sample shows that some tunnels are completely 
passivated while others experience no passivation. The difference in the 
passivation may be related to the difference in tunnel length distribution between 
two pretreatments. A transport model in tunnels (11) showed that the driving force 
(overpotential) for the passivation becomes different at each tunnel tip surface if 
there is a distribution in tunnel length. Thus, NaOH pretreatment is used to obtain 
a uniform passivation on each tunnel tip. In this case, the study of passivation 
observed in a number of tunnels can be generalized because the same behavior 
of passivation takes place on all tunnels. 
4.1.2 Observation of passivation within tunnels by current 
interruption 
Tunnels are the dominant etching structure on aluminum surfaces during 
anodic current etching in a hot HCI solution. The tunnel tip surface dissolves 
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actively and maintains a flat surface but its wall surface remains passive, during 
tunnel growth. However, current Interruption by either cathodic current pulse 
superimposition or current step reduction induces passivation on tunnel tip 
surfaces. That Is, the tunnel tip area is reduced as a result of passivation, 
otherwise it remains constant. Fig. 4.2 shows the applied current waveform for 
current step reduction. Pits or tunnels are developed during etching at initial 
current i^ ^, and the following etching at the reduced current \^, causes the 
structure of pit or tunnel structure to change, without nucleating new pits or 
tunnels on the outer passive aluminum surfaces. Fig. 4.3 (a) shows the oxide 
replica of the tunnel structure when three successive 50% current steps were 
applied at an interval of 5 sec as shown in Fig. 4.4; the initial current of 40 
mA/cm^ was reduced to 20 mA/cm^ after 5 sec etching and again reduced to 10 
mA/cm^ and 5 mA/cm^ after 5 sec etching at each current. The tunnel tip 
responded rapidly by constricting its area where current is reduced, and a single 
tunnel which has a small tip area is found at the tip after every current reduction. 
On the other hand, the tunnel growth rate does vary as a result of current 
reductions: i.e., the metal dissolution current density remains constant (26). 
However, when the holding time t^ at reduced current is smaller, the early stage 
of passivation is somewhat different from this observation and will be discussed in 
detail in the next section. 
c 
a> 
tm, h. 
3 
o 
-
-
K 
-
— II — 
1  - L ,  L_  i  i _ ,  . - 1 . . .  L_  , J .  
Time 
Figure 4.2 Applied current waveform for current step experiments. Variables: i^ g, t^. 
Figure 4.3 Tunnels formed in etching experiments: (a) Top, 3 current step 
reductions; i^ i = 40 mA/cm^ etch time 5 s, and 1 N HCI at 65°C, 
three 50% successive steps with 5 s interval between 
steps, (b) Bottom, cathodic current pulse reduction: 1^=12 ms, 
tH=5 s, and iai=ia3=40 mA/cm^, i^ ^O mA/cm^. 
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A cathodic current pulse superimposition on constant anodic etching current 
also induces passivation on the tip surface. Fig. 4.5 shows the applied current 
shape in pulse experiments. Current is reduced to a lower current and held 
during t^, after etching at initial current ig^, and then, it is stepped up to a higher 
current igg and held for t^. Fig. 4.3 (b) also shows a constriction in tunnel width 
where cathodic current pulse is applied. The constriction in tunnel width is the 
result of passivation which was formed during current pulse. It was observed that 
the pulse time t,,, at reduced cun'ent affects the extent of passivation at the tunnel 
tip. Further studies about pulse experiments will be discussed later in this 
chapter. 
4.2. Repassivation by current step reduction 
4.2.1 Morphology study 
The applied current waveform in current step reduction is shown in Fig. 4.2, 
and the current step reduction induces passivation of actively dissolving tunnel tip 
surfaces, as shown in Fig. 4.3. Fig. 4.6 (a) shows that tunnel tip has a flat surface 
after 5 s etching, but a number of small patches are seen on the oxide replicas of 
the tip surfaces when t^ is varied from 1 to 300 ms. Fig. 4.6 (b,c) shows oxide 
replicas of tunnel tip surfaces for different current step reductions when t^ was 30 
ms. Different current step reductions are defined by the ratio of the reduced 
current to initially applied current i^ i, i.e., current reduction ratio Li- Fig- 4.7 
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Figure 4.5 Applied current shape for current pulse experiments. Variables; i^ ^, t^, t^. 
Figure 4.6 Scanning electron micrograph of oxide replica of a tunnel tip 
surface when is 30 ms. etch time 5s, 1N HCI at 65°C. 
(a) Top, ia2/iai=0, (b) Middle, ia2/iai=0.05 and (c) Bottom, 
i,Ai=0.175. 
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Figure 4.7 Patch size distribution for different current reductions when 1^=30 ms. 
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shows a patch size distribution for a series of current step experiments when t^ 
was 30 ms. Equivalent width is used to indicate the patch size and is the square-
root of patch area. For a small current reduction ratio, patches have a rectangular 
shape and a uniform size distribution, and only a few number of patches are 
found. However, as current reduction ratio increases, some of patches have a 
complicated shape which results from the combination of discrete patches, and a 
wide size distribution and a large number of patches are observed. However, the 
morphology of tunnel tip surface cannot be resolved well enough to analyze 
quantitatively with a scanning electron microscopy when t^ is less than 30 ms. In 
case of t^ less than 30 ms, the patches are small and part of patches can be 
washed out during anodization to make oxide replica. Fig. 4.8 shows that the 
direct image of a tip surface for a short tunnel (about 3 pm) at 20 ms of t^, and it 
suggests that the patches are produced at an early stage of current step 
reduction. In this study, the morphology has been studied for t^ greater than 30 
ms because the patch size and height can be measured with SEM. 
The tunnel tip morphology also changes with increasing the holding time t^ 
at reduced current. Table 4.1 shows the number of all the patches and highest 
patches for 50% current reduction. As t^ increases, a number of small and 
roughly rectangular shape patches present initially grow into bigger size, and 
variations in the height of patches are found, but the number density of patches 
decreases. Patch height was measured by taking SEM pictures at two different 
tilt angles and considering the effect of tilt angles (33). Patches which were 
Figure 4.8 Scanning electron micrograph for a tunnel tip (a direct view from 
tunnel mouth), etch time 1.5 s, 1^=20 ms and \ l^\^^=0.25. 
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greater than 75% of the maximum patch height are defined to be "highest 
patches". The growth rate of highest patches is determined by measuring the 
height of patches with respect to t^. The growth velocity of 2.2 pm/s, obtained 
from the slope of Fig. 4.9, shows a good agreement with the steady tunnel 
Table 4.1 Number of patches as a function of t^ 
t^ after 50% reduction Number of patches/(10 pm^) 
40 ms (total) 15.07 (highest) 10.5 
70 ms (total) 8,19 (highest) 5.3 
120 ms (total) 6.47 (highest) 2.08 
growth rate of 2.1 pm/s observed under these experimental conditions (39). 
Fig. 4.10 shows that the fraction of the tip surface area occupied by highest 
patches is proportional to the ratio of the currents after and before the step. Since 
the metal dissolution current density is determined by ia=n/\oijj where i^  is an 
applied current density, n, is the total number of tunnels on the aluminum surface, 
and Ao is the active tip area of each tunnel, the active area is proportional to the 
current reduction ratio i^ g/iai because i^  is maintained at the same value after 
current step. Therefore, the growth rate and metal dissolution current density of 
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patches suggests that highest patches are actively dissolving areas at a given 
time t^ and the surrounding surfaces are covered with passive surface. 
When all patches existed on the tip surface are considered, the fraction of 
the tip surface area occupied by all the patches is greater than those occupied by 
highest patches, as indicated in Fig. 4.11. This difference is due to the 
passivation of smaller patches; however, it is unclear why smaller patches are 
more susceptible to passivation than the larger patches. The current balance at a 
reduced current suggests that the passivation of patches are compensated from 
the widthwise expansion of other patches due to metal dissolution. Fig. 4.12 and 
4.13 shows the size distribution of highest patches for igg/iai with time t^. These 
size distributions indicate that, as t^ increases, a number of the highest patches at 
a certain time becomes passivated, on the other hand, others are expanded in 
width. 
Fig. 4.14 shows the average area of patches as a function of current 
reduction ratio igg/iai at t^^SO ms. All the patch areas are measured to approximate 
the initial patch size, independent of patch height. The average patch size does 
not depend on the current reduction ratios less than 0.175, but increases as 
current reduction ratio increases. This is caused by the presence of large patches 
which have complex shapes at larger current reduction ratios. The large patches 
are formed by merging of a number of discrete patches present at earlier times. 
The corrected number of patches is the number present before merging, and the 
average patch area is recalculated with this correction. The corrected average 
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patch area was the same independent of current reduction ratio, that is, it can be 
assumed that the initial patch size immediately after current reduction is uniform. 
However, the initial patch area was supposed to be smaller than the average area 
in Fig. 4.14, because of the patch growth during 30 ms at reduced current. 
Fig. 4.15 shows the number of patches per unit area as a function of 
current reduction ratio, at the same t^ in Fig. 4.14. After the same correction was 
made as in Fig. 4.15, the number density of patches increased linearly with the 
increase of current reduction ratios. This result suggests that the applied current 
after step reduction results in a formation of patches, and variations in applied 
current were supplied by a linear variation of the patch number density because 
the average patch size is independent of current reduction ratio. Fig. 4.14 and 
Fig. 4.15 also shows that, for a smaller current reduction ratios, the effect of 
merging is insignificant because fewer patches are present and the distance 
between adjacent patches is greater than that larger current reduction ratios. 
The effect of t^ and current reduction ratio on the change of tunnel tip 
structure can be illustrated clearly by sketching the tip surfaces for various t '^s 
and current reduction ratios. The maps in Fig. 4.16 and Fig. 4.17 were prepared 
by measuring the patch coordinate directly from SEM micrographs and adjusting 
the size of tip surfaces to the same scale. The actively dissolving patches at a 
given time are marked by shading and the merged patches are decomposed into 
individual ones. The maps show that some patches grow in width and depth, on 
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Figure 4.17 Maps of patch distribution on tunnel tip surfaces at igj/iai =0-325 when 
t^ is varied. Shaded patches were actively dissolving and unshaded 
patches were passive, at a given t^. 
the other hand, other patches are passivated. When t^ was extended to a longer 
time, only one patch remains active and develops into tunnel, but the others are 
passivated. However, the area occupied by actively dissolving patches remains 
constant with time as a result of the constant applied current. The time at which 
only one patch remains is between 120 ms and 300 ms, independent of iag/iai-
4.2.2 Atomic force microscopy (AFM) study of passivation in etch pits 
As discussed above, the surface morphology of tunnel tip surface was not 
well resolved with SEM at times less than 30 ms after the current step reduction. 
Surface topography at earlier times after the step was measured with AFM which 
has submicroscopic resolution. Instead of oxide replicas, epoxy replicas of etched 
aluminum surfaces were used to protect small patches from possible removal 
during anodization. However, as indicated in the Experiment section, tunnels with 
a few |jm length cannot be imaged with AFM because of the unstable image. 
AFM studies were carried out on cubic pits, which were less than 0.2 pm in height, 
under the same experimental conditions used in the studies of passivation in 
tunnels. 
After small etch pits were formed after 100 ms etching, etching current was 
reduced to investigate passivation on the tip surface. The current reduction ratio 
iaj/iai and the current holding time t^ were variable. These pits were actively 
dissolving in 3-dimensions, i.e., in both width and depth, when the current was 
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reduced. Thus, if the current reduction is supplied by passivation on the 
dissolving areas, the passivation caused by current reduction can occur on both 
side walls and bottom surfaces of pits. However, the surface topography study is 
only limited to the pit bottom surface because of the structure of AFM scanning tip 
Fig. 4.18 shows a replica of a pit bottom surface for \ l^\^^=0.2b when tL=5 ms, 11 
ms. AFM images obtained by scanning the replica were digitally inverted to show 
the original topography of surfaces. These figures do not include the whole tip 
surface because a small drift of images during scanning results in an unstable 
image near edges and thus restricts a scan size on part the tip surface. Although 
all the information which takes place on etch surfaces cannot be obtained with 
AFM, the ability of atomic scale resolution provides an important tool for the study 
of initial stage of passivation. After the current reduction, the pit bottom surface 
was composed of a recessed area and surrounding flat surface. The dark areas 
in Fig. 4.18 were regions of relatively rapid metal dissolution and the darker colors 
correspond to greater in depths. Vertical high contrast was used to clearly 
delineate the edges of the patches. The width and depth of patches can be 
measured accurately by line scans across patches. The width of patches ranged 
from 10-100 nm, and their depth varied from 2-20 nm. The larger patches could 
be seen to be aligned, as were patches on tunnels. The accuracy of replication 
was tested by scanning the outer surface of aluminum which was not affected by 
etching. A small bumps or wavy structure formed during preparation of the replica 
were found and their depth was less than 3-4 nm, otherwise the surface was very 
Figure 4.18 The atomic force microscope image of a pit surface for 
ia2/iai=0.25. etch time=100 ms. IN HCI etching solutio at 65°C. 
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flat. Therefore, patches within this depth range were regarded as an artifact and 
neglected in the image analysis. The patches in AFM images had more curved 
edges than SEM images of oxide replicas, and this effect was more clear for 
smaller patches. The curved edges may have arisen during replication by the 
epoxy film. When t^ is less than 5 ms, pit surface looked wavy but discrete 
patches were not observed. It was not known whether the patches were too small 
to form faithful epoxy replicas, or whether the pit surfaces were in fact smooth. 
Fig. 4.19 shows that the fraction of the tip surface occupied by all the 
patches slightly increases with the increase of current reduction ratio. Although 
this measurement is only confined to the tip area, which is a part of area affected 
by current reduction, it suggests that the applied current after step reduction 
results in the formation of patches. Fig. 4.20 shows the patch height increase as 
a function of t^. As in tunnels, patches which were greater than 75% of maximum 
patch height are considered to determine the growth rate of patches. At a given 
11, patches on pit surfaces have a variation in height, and the growth rate of 
highest patches is obtained from a linear regression and the growth rate is 1.86 
pm/s. The growth rate was similar to the steady state tunnel grovrth rate and the 
dissolution rate of patches formed during passivation of tunnels. The amount of 
corrosion in Fig. 4.20 was about 20 atomic layers per 10 ms. The observation of 
the same corrosion rate as the steady dissolution rate in tunnels indicates that 
corrosion occurred uniformly on very small time scales. Fig. 4.19 and Fig 4.20 
indicate that a number of patches shorter than the maximum height are found and 
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larger patches are higher than smaller ones. Also, the active patches expanded in 
width and depth, and the number of active patches decreased with t^ and 
passivation of smaller patches occurred. Fig. 4.21 shows a patch height and 
width correlation plot. Finally, pit surfaces became smooth and no patches were 
found at \=20 ms. The number of active patches at earlier time is reduced to one 
patch in 20 ms after current step reduction, and this period can be compared to 
200-300 ms for tunnels. Those observations in the change of pit surface structure 
are very similar to the observation made in tunnel tip surfaces. 
With the use of AFM, it is suggested that the pit surface is composed of 
active surface and passive area after current reduction, and patches, the actively 
dissolving part, are observed at 5 ms and have about the same growth rate 1.86 
pm/s as tunnels even when their depth was only 10 nm, which is about 20 atomic 
layers (rAi=1.43 Â). 
4.2.3 Potential transients during passivation 
Hebert and Alkire(ll) devised a transport model for tunnels to determine 
the conditions in solution at the tunnel tip where passivated and actively dissolving 
surfaces coexist. The experimentally measured potential can be decomposed into 
(4 1) 
^  = no*» '  T ic  '  ns  ^ 
where nmn and paout represent the ohmic potential drop within tunnel and in bulk 
solution, and Pc is the concentration overpotential between the reference electrode 
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and the tip surface. is the repasslvation potential which would be measured in 
a solution that has the same composition as the solution adjacent to the active 
surface, and surface overpotential, iig, is the deviation of surface potential from E^. 
During steady tunnel growth, the ohmic and concentration overpotentials cancel 
out  and the t ip  sur faces o f  a l l  tunnels  are po ised a t  the repass lvat ion potent ia l ,  E^ ,  
independent of their length. However, when passivation was induced by current 
step reduction, the tip surface was at a potential below the repasslvation potential, 
and which provided a driving force for passivation (11). 
Fig. 4.22 shows potential transients of current reductions after 5 s of 
etching. About 10 pm long tunnels are formed on the surface with 5 s etching. 
The morphological variations due to passivation were accompanied by potential 
transients which consisted of a rapid decrease to a minimum potential and then 
potential relaxation to more anodic steady state potentials. This potential 
relaxation time to 20% of initial potenial drop through the potential minimum (after 
ohmic drop in bulk solution was corrected) was about 250-300 ms and this time 
corresponds to the time for small patches to become one big patch which 
continued to grow like a tunnel at the steady state potential. Based on the 
assumptions that the potential at the tunnel tip is maintained at the repasslvation 
potential and the tip concentration is determined by electrolyte diffusion, the 
theoretically predicted potential measured with a reference electrode at the tunnel 
mouth is (11) 
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Figure 4.22 Potential transients for current step reductions. Current step time was 5 s. Variable: 
iai=40 mA/cm^. 
68 
/ c, 
U„ 'E„ (C, )> i^dx-^( t .d  HCQ (4.2)  
where the first term on the RHS is the repassivation potential, the second term is 
the inside ohmic drop and the third one is concentration overpotential. When the 
applied current is decreased by a step, the concentration of electrolyte at the tip is 
determined by solving the diffusion equation, Eq. (19) in Ref. (11). By inserting 
this solution Into Eq. (4.2), the inside ohmic drop and the concentration 
overpotential are evaluated after current step reduction. The repassivation 
potential is also calculated from Eq. (30) in Ref. (11). With the values obtained 
above, the surface overpotential iis is obtained from Eqs. (4.1) and (4.2). Fig. 4.23 
shows the surface overpotential during potential relaxation, which induces 
passivation of dissolving patches. The surface overpotential has the same 
relaxation time as the experimentally measured potential. 
For pits formed with 100 ms etching, Fig. 4.24 shows that potential 
transients after current reduction show a similar transient as for tunnels. The 
potential difference between the minimum potential and steady state potential is 
similar for pits and tunnels, but the relaxation time was 10-20 ms, i.e., faster than 
tunnels. The relaxation time also corresponded to the time for the number of 
patches to be reduced to one. Therefore, the potential relaxation controls 
passivation of the actively dissolving patches. 
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Fig. 4.25 shows that the mean active patch width grows linearly with time 
and the growth rate, dW/dt, is 0.02 pm/ms for pits and 0.011|jm/ms for tunnels. 
These patches occupy the fractional tip area for different current reductions. Fig. 
4.26 shows the pit width distribution for 100 ms etch time and tunnel tip width 
distribution for 5 s etch time. The average tip width is 0.87 pm for pits and 3.8 pm 
for tunnels, and therefore, the time t^ needed for patches to occupy the fractional 
tip area is 
" "a 
^ <St' 
where W, is given by W,=WT(ia2/iai) '^^ ' is the average patch width at time t^. 
is the pit or tunnel width. The calculated time t^ is aproximately 30 ms for pits and 
250 ms for tunnels and this time Is comparable to the measured potential 
relaxation time. Thus, it is suggested that the different relaxation time for pits and 
tunnels is related to the difference in their average width. 
4.3 Mathematical modelling of repasslvatlon 
From the topography study above, a mathematical model of potential 
transients during the early stages of oxide film passivation is developed and 
compared with experimental potential transients in this section. 
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4.3.1 Potential transients 
Potential transients for current reduction experiments after 5 sec of anodic 
current etching are shown in Fig. 4.23. Fig. 4.27 shows the early part of the 
potential transient following step current reduction, for the same experimental 
conditions. The potential decays rapidly to the minimum potential after the current 
step and has a rapid increase up to 300 ps followed by relatively slow increase. 
Since the capacitive charging current is proportional to the time derivative of the 
potential, the faradaic current in tunnels is adjusted to the reduced applied current 
at the potential minimum, at which the capacitive charging current is zero. The 
reduction in faradaic current can be achieved by the change in metal dissolution 
rate and cathodic hydrogen evolution rate. It was observed that the rates of both 
anodic metal dissolution and cathodic hydrogen evolution are significant during 
tunnel etching (26), but it is not clear whether changes in the rates of both 
reactions are also significant during the reduction in faradaic current caused by 
current step reduction. 
Current cycling experiments were carried out to investigate which of the 
two faradaic processes are affected by the current modulation. A single cathodic 
pulse experiment indicated that the passivation of tunnel tip surface was not 
induced for a short pulse time. Fig. 4.28 shows the applied current waveform in 
this experiment. Cathodic current pulses are applied after 2 s of constant current 
etching at 200 mA, and continued until etching is finished. Tunnels were present 
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before current cycling was Introduced. In each current cycle period, the applied 
current was held at 200 mA for 2 ms, and then was reduced by 70% to 60 mA for 
2 ms. Since the period of 2 ms at the reduced current in a current cycle is much 
greater than the time of the potential minimum after current step. It was thus 
expected that variations of the current during cycling would be supplied through 
changes In the faradaic current from the AI foil. If the faradaic current was 
adjusted by changing the rate of metal dissolution, the weight loss during etching 
would be affected by current pulses. 
Morphological studies using SEM shows that the shapes and surface 
distribution of tunnels are the same in cases of with and without current cycling. 
Therefore, pseudo-continuous tunnel growth is assumed since a 70% current 
reduction for a pulse time of 2 ms did not Induce permanent passivation In 
tunnels. 
Fig. 4.29 shows the weight loss of specimen with and without current 
cycling. In both cases, the weight loss Increases linearly with etch time and the 
weight loss in constant current experiments is clearly larger than in cycling 
experiments in which 35% smaller charge per unit time was applied, compared to 
constant current etching. The lines in the Fig. 4.29 are the calculated weight 
losses obtained by assuming the same constant current efficiency of 124 % for 
metal dissolution for both experiments. This value of the current efficiency was 
chosen to fit the weight loss data for constant current experiments; current 
efficiencies of 110-115% during tunnel etching were reported by Alwitt et al. (26). 
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The good agreement between the calculated and measured weight losses in 
cycling experiments indicates that the reduced charge per unit time during cycling 
is supplied by a decrease of the anodic metal dissolution rate, but not by an 
increased rate of cathodic hydrogen evolution. 
Average tunnel growth rates were determined from the lengths of tunnels 
measured after the experiments. The average growth rate was 2.04 pm/s for 17 
tunnels measured in constant current experiments and it was decreased to 1.25 
pm/s in current cycling experiments under the same conditions. This 39% 
reduction in tunnel growth rate during current cycling is in reasonable agreement 
with the 35% less charge per unit time. The reduction in both weight loss and 
tunnel growth velocity suggests that, in cycling experiments, the electrode current 
is modulated by variation of the metal dissolution rate from the tips of tunnels, not 
by an increased rate of cathodic hydrogen evolution. 
Fig. 4.27 shows that the potential reaches the minimum in 300 ps and 
slowly increases to a steady potential when current reduction ratio is 0: this time 
corresponds to the time of a rapid potential increase for the other current reduction 
ratio experiments. This different potential transients is discussed more extensively 
below. 
The amplitude of potential transient is considered as two sequential 
potential decreases, AE, and AEg (Fig. 4.30). AE, is the difference between the 
initial potential and the steady-state potential after the transient, and AEg is the 
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Figure 4.30 Potential transients after current step reductions. 
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difference between the potential minimum and the steady-state potential. 
Wiersma (12, 40) showed that AE^ is a change in the ohmic potential drop in the 
bulk solution due to current reduction, and it has a linear relationship with change 
in applied current density, AE^ =(1.15 cm)(iaria2)/'^  where k is a conductivity of bulk 
solution. K is 0.531 A^cm^ at 65°C in 1N HCl solution (40). The remaining 
potential drop AEg is associated with overpotentials of individual pits or tunnels; 
therefore, AEg may be a combination of changes in the ohmic potential drop in the 
solution inside tunnels, and changes in the potential at the metal surface. Fig.4.31 
shows the effect of ohmic resistance inside tunnels on AEg. AEg increases slowly 
with increase of tunnel length (solid line) (10). The intercept AEg is for small pits 
present at earlier times, and represents a partial contribution to AEg for tunnels. 
However, this potential drop is not due to an ohmic resistance since it is 
independent of solution conductivity k (10). It was also shown in Ref. (10) that the 
potential at the metal surface which corresponds to the measured steady state 
potential, E^, is the repassivation potential of aluminum. Therefore, the potential 
drop AEg is corrected by calculating the ohmic drop inside tunnels, [(l-iaa/igi) iAlvt 
where iy is 6.1 A/cm^, v is tunnel growth rate and k is the solution conductivity in 
the tunnel, obtained from the slope of Fig. 4.31. This AEg can be used as primary 
surface overpotential relative to the repassivation potential, q, in Eq. 4.1, which 
relates to the decrease of metal dissolution rate. 
The dependence of iis on the current reduction ratio is shown in Fig. 4.32 
(10). The results show that this surface overpotential is linearly related to the 
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current reduction ratio at the tip and this relationship can be expressed as 
= (4.4) 
where iy and iy^ are average faradaic current densities on the dissolving tip 
surface, referred to the total active area before passivation, k is a proportionality 
constant obtained from the inverse slope of Fig. 4.32 and it is 7.94 V'\ Since 
surface overpotential is the driving force for repassivation, the potential transient 
will be used to investigate the metal dissolution and the repassivation kinetics. A 
mathematical model for the early portion of the potential transients is described in 
the next section. 
4.3.2 Mathematical model 
The surface topography study above showed that, at times of several tens 
of ms after the current step, the tunnel tip surface is heterogeneous, consisting of 
actively dissolving metal surface, patches, surrounded by passivated surface. The 
actively dissolving patches has a constant growth rate with time as shown in Fig. 
4.10 and its growth rate is assumed to be constant also at earlier times. It is also 
assumed that this microscopic heterogeneity of the tip surface is produced 
immediately after the step current reduction, and the fractional active area is a 
function of surface overpotential. The second assumption is based on Fig. 4.14, 
4.15, 4.32, and the relation between the active area and the potential is 
A  = A J U k E - E J }  (4.5) 
where A is the active area on the tip, A^ is the total tip area. As discussed above, 
the term (E-EJ is the surface overpotential relative to the repassivation potential. 
The value of constant k obtained from the inverse slope in Fig. 4.32 was 7.94 V'\ 
Eq. (4.5) implies that as the potential decreases, the active area is adjusted 
immediately at every potential. Eq. (4.5) is incorporated into a mathematical 
model for the potential transient. 
During the transient period after current reduction, the applied current is 
balanced at every potential and the relevant processes are charging, metal 
dissolution and passivation. The charging current is determined by the potential 
change with time and the capacitance was calculated from the initial change of 
potential transient. The average capacitance was 6.34 pF/cm^, which is lower 
than the value, 11.6 pF/cm^, previously obtained by current interuption after 1 -8 
ms of etching (40). The difference may be due to the change in the oxide film 
resulting from the use of the HCI pretreatment in Ref. (40), and the NaOH 
pretreatment in the present work. As the charging current decreases, metal 
dissolution current decreases with time but simultaneously, passivation starts to 
appear. The metal dissolution current from the surface is obtained from Eq. (4.4) 
/m = +/r(E-EJ] (4.6) 
where n, is the number density of tunnels on the surface and iy is the dissolution 
current density on the active area. The initial metal dissolution current density i^ o, 
is proportional to the tunnel growth rate, dh/dt, before current reduction, 
. çnF dh _ 9 Q £//7 (4.7) 
and the value of is 6.1 A/cm^ with tunnel growth rate of 2.1|jm/s. p and MW are 
density and molecular weight of aluminum. Passivation current is obtained by 
multiplying the passivation current density jp by the area of actively dissolving 
surface, A^n,. Therefore, the applied current density i^ g after the current step is 
balanced by three different current sources, and their relationships are 
42 = . n,AM1 *k{E-E^)] i n,AJ^{t, (4.8) 
In a 100% current reduction experiment, the whole active tip surface is passivated 
and the potential transient is mainly determined by the capacitive charging current 
and passivation current. In the beginning of passivation, several regions of active 
tip surface become passivated and the passivated area increases as potential 
decreases. Finally, the tip surface is totally passivated at the potential minimum. 
Thus, the passive current density jp(t) referred to the tip area is determined by the 
differential change of passive area (dA) and the passive current density ip referred 
to the passive area on the tunnel tip, and can be expressed as 
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t 
'ft 
0 ^ 
(4.9) 
ip was taken to be the form of 
ip = mexpf-aO + nexp(-6() (4.10) 
and the parameters in Eq. (4.10) were determined by a fit of Eq. (4.9) to the 
experimental jp transient for the 100% current reduction. The jp transient was 
obtained by Eq. (4.8), using the experimental values of k and C^. In these 
calculations, an effective k, kg„ was used which includes the variation of the ohmic 
potential drop inside the tunnel with i^ a/iai. 
For t=5 s, kji was 20.3 V \ and kg„ was 5.71 V'\ The values of the parameters in 
Eq. (4.10) are m=-0.94 A/cm^, n=3.22 A/cm^ and a=1.85x10'^ , b=6.86x10'^  The 
procedure for fitting values of the parameters is described in detail in the 
Appendix. Fig. 4.33 shows the comparison between the experimentally measured 
jp(t) and the calculated jp(t) from Eqs. (4.9) and (4.10). Details are available in the 
Appendix, ip can be applied for different current reductions because it is related to 
(4.11) 
where 
1 _ _ />f 
d(#) (4.12) 
2.5 
1.5 
S 1 
0.5 
0 
B Experimental jp(t) 
-— Calculated jp(t) 
50 100 150 200 250 
Time {\is) 
Figure 4.33 Comparison of the experimental jp(t) with that calculated from Eqs. (4.9) and (4.10). 
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the differential element of passive area which is independent of total passivated 
area. The growth of the passive film is obtained by the current density for film 
formation ip (48), that is, 
where is the molar volume of the oxide (25.5 cm^/mol for AlgO^ (45)) and nF Is 
the charge for its formation. The thickness of the film Ç is estimated to be 4.7 nm, 
which is in approximate agreement with reported value of the passive film 
thickness on aluminum (49). 
The potential transients for current reduction experiments are predicted by 
solving a current balance equation, Eq. (4.8) with Eqs. (4.9) and (4.10). Prior to 
these calculations, all model parameters had been fixed. The technique of 
Laplace transforms was used to solve the equations. For different current 
reductions. Fig. 4.34 shows that the predicted potential transients are in good 
agreement with experimental transients when 1^^=40 mA/cm^. This model also 
shows a good agreement when it is applied to different initial current densities, 60 
mA/cm^ and 80 mA/cm^ (Fig. 4.35 and 4.36), which has a high density of tunnels 
on surface. This suggests that individual tunnels experience the same passive 
mechanism. Both experimental and predicted transients decrease to potential 
minimum, and then increase in potential up to 300 ps. This prediction is confined 
(4.13) 
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to the time for completion of passivation on the tip surface, i.e., the predicted 
potential transient is effective up to 300 ps because passivation is completed 
within that period, as discussed previously for 100% step reduction. In both 
experimental and predicted transients, the potential undershoot increases as 
current reduction ratio igs/iai decreases, but it does not change with different initial 
current i^ ^, for the same current reduction ratios, as shown in Fig. 4.37. The 
potential undershoot is directly related to passivation since in the model it is 
caused by a recovery of the active surface area, according to Eq. 4.5, to 
compensate for the decrease with time in current density on the freshly passivated 
surface (Eq. (4.10)). It is also possible that the current is recovered by increasing 
the dissolution current density, iy on the active area. These results support the 
assumptions that passivation is induced immediately after current reduction, that 
the microscopic heterogeneity of the passivating tip surface, observed in SEM 
pictures at 30 ms after the current step, is produced by patchwise passivation of 
the initially active surface, and that the fractional active area at these early times is 
determined by the potential, according to Eq. (4.5). 
The passivation mechanism discussed above was tested for a different 
overall shape of the localized corrosion cavity. Unlike the unique tunnel etching 
structures at high temperature, only irregular corrosion pits are observed with 
anodic current etching at room temperature. When step reductions in etching 
current are carried out at room temperature, the morphological change of pits due 
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Figure 4.37 The comparison of theoretical potential transients (lines) with measured potential transients 
(dotted lines) for different initial applied currents when igg/iai^ O-S. T=65°C. 
to passivation cannot be observed because of the pits' irregular shape. The 
potential transients after current reductions are similar to those at 65°C, and the 
set of parameters in the model was obtained at the lower temperature: 0^=4.92 
jjF/cm^. Fig. 4.38 shows that potential drop AEg is related to current reduction 
ratio, and the kinetic parameter k is obtained by the inverse slope of plot and its 
value is 5.33 V'\ The passive current density referred to the passive area is 
obtained in the same way as 65°C and ip= -0.99 e'°°"'+ 3.747 e °°^^ ' (A/cm^). 
With the same assumptions at 65°C, Fig. 4.39 shows that the predicted potential 
transients agrees well with the measured potential transients at room temperature, 
despite the totally different etch structure. Therefore, it is suggested that the 
overall shape of the localized corrosion cavity does not influence the passivation 
mechanism. 
At room temperature, ip is 2-3 A/cm^ initially and then decreases 
exponentially. The decay time to 20% of the initial peak current is about 110 ps. 
Frankel et al. (41) studied the early stages of passivation of aluminum in 0.6 M 
K2SO4 solution at room temperature by breaking thin films deposited onto glass at 
potentials below the pitting potential. They observed that the Initial current 
increase is very rapid, and the peak current, observed within a few ps after 
breaking the electrode, was on the order of hundreds of A/cm^, much higher than 
typically measured in scratched electrode experiments. The current then decayed 
and reached 20% of the initial peak current within 20 s. This passivation current 
density is equivalent to ip in this work because ip is related to the differential 
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element of passive area. The difference in passivation current and decay times 
with those in this work may be caused by the difference in both initial conditions of 
the metal surface exposed to an oxidizing agent, and the passivation mechanism 
above and below the pitting potential. 
The instantaneous conversion of active to passive surface and the potential 
dependence of active area on the tip surface suggests that competitive adsorption 
between chloride ion and oxide may be responsible for repassivation. That is, the 
tip surface is covered with chloride ions when metal dissolves, and the adsorbed 
chloride ions facilitate the dissolution of metal but block oxygen species which 
would passivate the surface. When passivation takes place, the chloride covered 
surface is replaced by oxide upon chloride desorption and this process is 
accompanied by the potential decrease at the tunnel tip surface, as indicated in 
the model. Chloride ions tend to be specifically adsorbed on most metal surfaces 
(42): the coverage of adsorbed chloride ions is zero near Ep^c, the potential of zero 
charge, and increases linearly as a function of potential above Ep^^. For example. 
Parsons et al. (43) observed that the adsorption coverage of chloride on a (110) 
plane of silver increases with the increase of potential and its adsorption has a 
c(4x4) or c(5x2) structure according to the adsorbed coverage. Trassati (44) 
estimated the for AI to be about -0.84 V NHE or -1.03 V Ag/AgCI, KCI (sat.) at 
25°C by considering the metal work functions. 
Fig. 4.40 shows that the active tip area decreases with potential below the 
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Figure 4.40 Variation of active tip area with potential at the tip. 
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repassivation potential at both 25°C and 65°C. The potential scale was corrected 
for ohmic drop outside the tunnels by subtracting AE^ for iaz/'acO. The whole tip 
surface is actively dissolving before the current step reduction, and the tip surface 
potential is poised at -0.61V and -0.68 V, which is more anodic than of AI. 
These potentials are the repassivation potential, Eq at the respective 
temperatures. The potential, at which the active area at each temperature 
becomes zero according to Eq. (4.5), is close to Ep^^. Thus, it is considered that at 
the repassivation potential, the tip surface is significantly covered with chloride 
ions. 
Since the minimum potential in the potential transients is the potential at 
which the total patch area was sufficient to supply the reduced current, and the 
number density of patches at earlier times increases as a function of current 
reduction ratio (Fig. 4.15), it is suggested that the minimum potential after the 
current step is linearly related to the initial number density of patches on the 
actively dissolving surface. The active tip area decreases when the tip potential 
decreases from the repassivation potential E^ to Ep^,, and at this time the chloride 
ions which covered the surface at E^ begin to desorb and oxide species adsorb to 
the surface. This potential dependence corresponds to typical behavior found at 
many electrochemical interfaces, for the dependence of specifically adsorbed 
anion coverage on potential. Thus it Is suggested that the patches are actually 
islands of adsorbed chloride anions, and that desorption of these ions controls 
passivation. Cathodic potential deviations from the repassivation potential favors 
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the formation of an oxide phase. 
From these considerations, the capacitance of the surface will be calculated 
by thermodynamic analysis and compared with typical capacitance values for 
metals with specific adsorption of halide ions. The capacitance of the interface is 
~ (4-14) 
It can be written in another form, 
(4.15) 
where F is the surface excess concentration of adsorbed species and C is the 
adsorbing anion concentration in the solution. 
For ionic adsorption on electrodes in solution (57), the Gibbs adsorption 
isotherm can be written. 
= odE ^TRTd\nC (416)  
Since y is a perfect differential, this gives 
(|f)E- -«T'(^)r (417) 
and (ainC/ôE)r is determined from the dependence of the repassivation potential 
on the anion concentration 
E =Ef j^  -  b \OQC (4.18) 
since the coverage of adsorbed anion, which is equivalent to F, is constant during 
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tunnel growth at which tip potential is repassivation potential, and this potential is 
a function of the anion concentration in the solution. The proportionality constant 
b was -46.8 mV (11). The remaining term, (ôF/ôE), can be calculated from Eq. 
(4.3) since the active area is assumed to be proportional to r, that is, (A/AJ=(r/rj 
where \ and are taken at the repassivation potential. Therefore (dTldE) is 
written as 
II - V (4.18) 
where is estimated by assumption that CI' has a c(4X4) structure on AI like the 
cr adsorption on Ag (43). The constant k at room temperature, 5.33 V'\ was used 
and TQ, 1,27X10"''° mol/cm^, was obtained. 
The calculations made above give a capacitance of the surface, 83.7 
pF/cm^. This value is of the same order of magnitude as other Cy values for 
unfilmed metal surfaces as shown in Table 4.2. It is concluded that observations 
of the initial stages of passivation are consistent with a competitive adsorptive 
mechanism between CI" and oxygen, since (i) there is an immediate adjustment of 
the active area with changes of potential, and (ii) the potential dependence of the 
active area is quantitatively similar to the potential dependence expected for 
adsorbed chloride coverage. 
4.4 Repassivation by current pulse experiments 
In previous chapters, the passivation of corroding aluminum surface was 
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Table 4.2 The capacity of metals in aqueous solution at the potential of 
zero charge (46). 
Metal C/ (pF/cm^) 
Hg 28 
TI(Ga) 33.5 
Bi 36 
Sn 39 
Pb 40 
Cd 52 
In(Ga) 60 
Inconel (Alloy 600)' 120 
Cy° is the inner layer capacity from experiments. * is obtained by Issacs et  a/.(47). 
investigated by current step reductions with a morphological study accompanied 
by modeling of potential transients. Current pulse experiments, in which the 
applied current is suddenly increased after a period at the reduced current, will be 
discussed in this section. Fig. 4.5 shows the applied current waveform in pulse 
experiments. 
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4.4.1 Current interruption experiments {ï^Jï^^=0) 
Morphology study Current step experiments showed that when the 
current reduction ratio igg/iai is 0, the tip surface remains flat when etching stops 
(see Fig. 4.6 (a)). However, when an anodic current is applied after a period of 
pulse time t^, a different morphology of tunnel tip surface is observed depending 
on t^. Fig. 4.41 shows the oxide replica of the tunnel tip surface for 1^=2 ms when 
t^ is 1 ms, 8 ms, 40 ms and 80 ms. When t^ is short, rough tip surface is 
observed at tL=1 ms, but a large number of small pits are found on the tip surface 
at tL=8 ms. The roughening and pits on the tip surface are apparently due to 
anodic metal dissolution during t^=2 ms. Roughening may be due to a high pit 
nucleation rate and growth rate. However, a flat tip surface is observed when t^ is 
greater then 40 ms, as shown in Fig. 4.41 (c) and (d). It thus can be suggested 
that, during anodic etching at igg (for 1^=2 ms), other processes other than metal 
dissolution from the tip may supply the applied current when t^ is greater then 40 
ms. These observations will be related to the accompanying potential transients in 
the next section. 
The variable morphology of the tip surfaces in Fig. 4.41 may be caused by 
the existence of different passive states on the tip, depending on pulse time. This 
can be manifested by varying t^ for a given t^ at a lower 1^3. In this case, an i^a of 
10 mA/cm^ is applied to investigate the effect of t^ on the number density of pits 
on the tunnel tip surface. The merging effect between pits is significant at higher 
ia3 due to the presence of a large number of pits. Fig. 4.42 shows that, at t^ of 20 
Figure 4.41 Scanning electron micrograph of tunnel tip surface for different pulse time, t^ is fixed at 
2ms, and iai=ia3=40 and 1^2=0 mA/cm^ (a) Top left, tL=1 ms, (b) Top right, tL=8 ms, 
(c) Bottom left, t^MO ms and (d) Bottom right, 1^=80 ms. 

Figure 4.42 Tfie effect of pulse time on pit nucleation. t^ is fixed at 20 ms, 
and iai=40, 1^2= 0 and 1^3= 10 mA/cm^. (a)Top, 1^=4 ms (b) Bottom, 
1^=40 ms. etch time=5 s 
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ms, the pit density decreases significantly as pulse time increases from 4 ms to 40 
ms. When the pulse time is 80 ms, only a few pits are nucleated preferentially 
along the edge and the most of the tip surface remains passive. Typically, pits 
nucleate on both the tip and the side walls near the tip fot t^MO ms. Under these 
conditions, preferred pit nucleation near the tip may be due to the high CI' 
concentration in solution near the tunnel tips, and not to a different state of the 
passive film at the tip. The time for diffusion out of the tunnel was approximately 
50 ms (11). It thus may be suggested that the passive state formed at small pulse 
time is more susceptible to pit nucleation than at longer pulse times, and 
therefore, pit number density decreases with the increase of pulse time. 
Once pits are nucleated on the tip surfaces, pits become bigger as a 
result of growth and merging as etching continues at i^g, as shown in Fig. 4.43. 
Finally, one or more of these pits become tunnels. When the pulse time is short, 
the tunnel grows with a constant width, which indicates that the entire tip surface 
passivated during the pulse time become active again by pit nucleation and 
growth. However, when t^ isl 2 ms and 1^=5 s, part of tip surface is not 
transformed into active surface, i.e., partial passivation takes place, as shown in 
Fig. 4.3 (b). When t^ is 80 ms and tn=5 s, the SEM picture in Fig. 4.44 shows that 
tunnels grow until current interruption is applied, but a number of tunnels, which 
were formed after the current pulse, are found mostly along the edge or sidewall 
of the tunnel tip surface. Most of the tunnel tip surface is permanently passivated. 
That is, as etching continues after the current interruption, pits nucleated on the 
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tunnel tip surface are transformed into tunnels. However, as pulse time increases, 
the fraction of tunnel tip surfaces which becomes tunnels decreases, and the 
remaining area remains passive. 
When the pulse time t,, is small, the passive films formed become active 
again as etching continues. However, the time needed to be reactivated is 
different for different pulse times. Current cycling experiments were designed to 
measure the critical time t^ for the reactivation of passive films formed during the 
pulse time t^. The applied current waveform was similar to Fig. 4.27. In this 
experiment, the initial applied etching current was decreased by step reduction, 
prior to initiation of current cycling. The passivation caused by current step 
indicated the position of which current cycling was initiated. In each current cycle 
period, the applied current was held at 100 mA for t^, and then reduced to zero 
current during t^. Fig. 4.45 shows that tunnels either grew continuously, or else 
stopped growing when t^ was greater than a specific time for a given t^. This 
specific ty is called a "reactivation time tp" and it increases with the increase of 
pulse time t^. When t^ is less than tp (for t^M ms and tH=20 ms), the active tunnel 
tip area is not totally recovered and thus, part of its area remains passive after the 
first cycle. As the number of cycles increases, the passivated area on the tip is 
accumulated and finally, the tunnel stops growing. In the succeeding cycles after 
tunnel death, a number of small pits or pit clusters are found on the tip or outer 
passive surface, similar to AC etching (32). However, when t^ is greater than tp 
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(for t^j=4 ms and tn=30 ms), the original tip surface becomes active again during 
reactivation time and this passivation-reactivation is repeated every cycle. For 
tL>8 ms, tunnels could not be reactivated for any t^ because the entire tunnel tip 
surface is not recovered even with a single pulse. 
Potential transients Fig. 4.46 shows a part of the potential transients 
when the current is stepped to higher current 1^3, after current interruption. As the 
current increases to i^g, the potential increases rapidly and reaches a peak 
potential and then returns to the steady-state potential. The initial potential 
increases fall on the same transient up to potential, Eg, but both peak potential 
and the time to reach the peak potential increases with the increase of pulse time. 
For pulse times greater than 40 ms, the potential increases slowly after Eg for a 
period of time and then returns to the steady state potential. 
Since the capacitive charging current is proportional to the derivative of 
potential with time, the faradaic current (i,) can be obtained by considering current 
balance equation, 
(4.19) 
where is capacitance and i^g is an applied current. was calculated from the 
initial change of potential transient and the value is 5.7 pF/cm^. Fig. 4.47 shows 
the change in faradaic current as a function of potential. When t^ is less than 4 
ms, this plot can be divided into 3 different regions: (i) The increase of faradaic 
current with potential, (ii) The faradaic current jumps to a higher value. With 
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larger t^, the current jump was at a higher potential. The magnitude of the current 
jump in all cases was close to the applied current of 40 mA/cm^ (iii) The 
decrease of excessive faradaic current with potential until the applied current and 
faradaic current are balanced. When t^ is greater than 40 ms, the same behavior 
of faradaic current is observed except the current jump. Instead, the current is 
maintained constant with increasing of potential, and then slowly increases and 
then decreases with decreasing potential. These faradaic current changes can be 
attributed to both metal dissolution from tunnel tips, and general oxidation of the 
filmed surface. As studied in the previous section, the roughing (indicating metal 
dissolution) is not observed when ^=80 ms, even with the increase of faradaic 
current. It thus can be suggested that, for tL>40 ms, both the faradaic current 
increase in region (i) and the potential independent current plateau (e and f) are 
related not to tip dissolution, but to general oxidation of the filmed metal surface. 
For small t^, the faradaic current increase in region (i) is also related to the 
oxidation of the filmed surface since the potential falls on the same transient as at 
longer t^, in which oxidation is dominant in region (i). The roughening of the tip 
surface for small t^ (Figs, 4.41, 4.42) can be related to the rapid faradaic current 
increase in region (ii). 
The role of uniform oxidation on the film-covered surface was tested by 
considering the growth model of passive film. The passive films are formed by 
the transport of ions through the film which are driven by high electric fields of a 
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few MV/cm (48). The simple sketch of the metal surface is shown in Fig. 4.48. 
The potential, V, in the system is 
1/=fF;;+n:;++n::+ 
where 1, 2, and 3 denote metal, oxide film and electrolyte, and 2^° is the 
equilibrium potential for AI, which is -1.663 V NHE (54). The ohmic potential in the 
bulk solution, tiip,, was calculated from the measurement of cell resistance and 
current density i. The cell resistance was 1.855 G-cm^ (49) and the ohmic 
potential drop is given by r\^^ = lARj^. Oxide growth and metal ion dissolution take 
place at the interface between oxide film and electrolyte, and these reactions are 
H^Oiaq.) ^ 0-Hox)^ H'iaq.) (4.21) 
and 
>4/'^  (ox) - Ar^{aq.) (4,22) 
Transfer of ions through the oxide-electrolyte interface is the rate determining step 
for these reactions (48). The anodic current resulting from reactions (4.21) and 
(4.22) are 
'c = (4.23) 
and 
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Figure 4.48 A simple sketch of metal surface 
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/ /  =  i , o \ G X P ( - ^ -  e x p ( - ^  
where a^, a/ and a,' are charge-transfer coefficients, and i,Q is the exchange 
current density and is the overpotential for the film formation/dissolution at the 
oxide-electrolyte interface. The net current is 
/ = 4 + 'c (4.25) 
and Ti/® can be expressed as 
Ti:; = n::+n* pzG) 
where is the aluminum transfer overpotential at the interface and is 
constant within the passive region of aluminum. In Eqs (4.23) and (4.24), 
parameters are determined from the experimental results of Vâland and Heusler 
(55) at pH=0.0, and these are \^= 2.02x10'® A/cm^, i,Q= 2.82x10"® A/cm^ and a^= 
1.11, «,"'=1.59, a|"= 0.41. With these parameters, can be obtained by solving 
Eqs (4,23), (4.24) and (4.26) numerically. With the assumption that the 
overpotential at metal/film interface is negligible, the overpotential across 
the film can be calculated from Eq. (4.20), 
The relationship between the oxidation current and electric field across the 
film is given by (48) 
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/ - /„sxp(:^) (4.27) 
where is the exchange current density and B is a high electric field constant. Ç 
is the film thickness and T|Ai^ is the potential drop across the film. With a calculated 
faradaic current in region (i), is obtained as suggested above. In this region 
(i), the faradaic current is due to the film formation reaction, and Fig. 4.49 shows 
that faradaic current increases exponentially with The faradaic current in 
region (iii) includes both metal dissolution from tunnel tips and the film formation 
reaction. The oxidation current was obtained by subtracting a tip dissolution 
current equal to the applied current i^g from the faradaic current. Thus, it is 
assumed that the current jump in Fig. 4.47 is due to sudden depassivation of the 
tunnel tips, and recovery of all the tip current. When this oxidation current is 
plotted with Ham Fig. 4.49 indicates that it has the same behavior as in region (i). 
B/% is obtained from the slope of this plot. B/Ç=7.14 and a typical value of Ç on 
thin aluminum film, 3.1 nm, was used in the calculation of B. In this way, the 
value of B, 2.2x10 ® cm/V, is obtained and it is comparable with the value of B, 
(4.4~5.0)x10 ® cm/V, obtained by other authors (48,56) for the high field conduction 
mechanism. This calculation supports that the oxidation of the surface takes place 
in the initial potential increase in Fig. 4.46, as well as during the potential 
decrease. 
In summary, when t^ is small, the faradaic current increases rapidly after the 
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formation of oxide film on the surface, as denoted in region (il). This may be 
related to the nucleation of pits on the tunnel tip surface which was passivated 
during the cathodic pulse. The excess faradaic current caused by the nucleation 
decreases during the potential decay in region (iii), and finally, the applied current 
is balanced. However, when t^ is greater than 80 ms, no pits are found on the tip 
surface at t^ of 2 ms and the faradaic current does not increase rapidly after 
region (i). Thus, it is considered that the oxidation of the surface continues with 
the increase of potential. Eventually, a number of pits are fomried near the tip 
surface and a small excess current caused by nucleation is removed during the 
potential decay, which reduces the oxidation current. 
4.4.2 Partial current pulse experiments (0 < i^j/iai < 1) 
Morphology Study When the initial applied current was decreased by 
step reduction, it was observed that tunnel tip surface is composed of actively 
dissolving patches and the remaining passive area. These patches are assumed 
to be formed immediately after current step reduction, but those are not well 
identified with SEM when the holding time at the reduced current is less than 20 
ms, because of their small size. When etching continues at 1^3 after a partial 
current reduction pulse, the morphology of tunnel tip surface is influenced by the 
partially passivated surface present at the reduced current. Fig. 4.50 shows oxide 
replicas of tunnel tip surfaces for different tjs with ia2/iai=0.25 and t^M ms. A 
rough tip surface is observed when t^ is 4 ms, but well-developed patches are 
Figure 4.50 Scanning electron micrograph of tunnel tip surface for different t^. 
ty is fixed at 4 ms, and ia2/iai=0.25. (a) 1^=4 ms and (b) 1^=12 ms. 
etch time 5 s. 
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found on the tip surface when t^is 12 ms. As discussed in Section 4.2, the size of 
patches increases but number density of patches decreases, with increase of 
holding time t^ at reduced current i^2- Therefore, when the etching current was 
shut off at t^, the width of patches at 12 ms seems to be larger than at 4 ms, but 
the number of patches at 12 ms is smaller than at 4 ms. As etching continues at 
igg, metal dissolution takes place on the tip surface and results in apparent 
roughening of the tip surface when a large number of small patches are present, 
as in case of t^# ms. When a small number of patches are present, metal 
dissolution at igg causes a rapid growth of those patches and therefore, it results in 
a well-developed patch structure at tL=12 ms. In contrast, the tip would appear 
smooth if the current were simply turned off at tL==12 ms. It is also observed that 
the increase of patch height is much larger than when there are a lot of small 
patches. Fig. 4.59 shows that the patch grows faster in height when t^ is large as 
etching continues at \^. 
Fig. 4.51 shows the morphology of the tunnel tip surface for different igg/iai 
when other experimental parameters are the same; tL=8 ms and 1^=12 ms. When 
the observations made in current step experiments are extrapolated to this small 
time period, 8 ms, it can be stated that, as igg/iai increases, the number density of 
patches increases but the average patch size remains invariant. As etching 
continues during t^, these patches grows rapidly, so they are visible in SEM 
micrographs. The area covered by the active patches clearly increases with 
increase of Therefore, this experimental observation is another evidence of 
Figure 4.51 Morphology of the tunnel tip surface for different igg/iai when t[^=8 
ms and t^=12 ms. (a) \^li^^=0.25 and (b) 1^2/1^1=0.5. etch time 5 s. 
##w 
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the existence of patches, at earlier times then when they are visible in the current 
step reduction experiments in Section 4.2. 
When the applied current is reduced to 30% of initial applied current during 
the pulse, passivation was induced at the actively dissolving tunnel tip. Fig, 4.52 
shows the oxide replica of a tunnel structure produced in three successive pulses 
at an interval of 1 s. The current pulses cause a sudden reduction in the tunnel 
tip area, by passivation. The remaining tunnel tip surface continues to corrode 
after the current pulse. Sometimes, tunnel expands in width after the constriction 
in tunnel width. The area of passivated surface were determined by measuring 
the passivated width along the edges. Fig. 4.53 shows the area of passivated 
surface for a number of current pulse experiments. The passivated area is given 
in Fig. 4.53 as a ratio of before and after the constriction (about 4 pm^ ) and the 
fractional area is plotted against the pulse time. The data show that the 
passivated area increases with pulse time. When the current is reduced, tip 
surface changes take place which result in increasing passivation with increasing 
time at the low current. Fig. 4.53 shows that pulses less than 4 ms resulted in no 
passivation. That is, the passivation initiated at the current step reduction is 
completely recovered when current is stepped up to its initial current. Also, part of 
the passive film cannot be removed if it remains on the surface for longer than 4 
ms. The same trend is observed when a different lots of foil (99.99% purity, KDK) 
are used in this experiment. 
Figure 4.52 Tunnels formed with three successive current pulses 
superimposed on anodic applied current. igg/iacO 3 and pulse 
time =12 ms. Pulse time interval=1 s.etch time 5 s. 
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Potential transients When the fractional current pulse > 0) is applied, 
the potential transient has a small overshoot, compared to current interruption. 
Fig. 4.54 shows a rising part of potential transient when current is applied after a 
current pulse, =0.5. As pulse time increases, the initial potential before the 
current step to i^g also increases. However, when the initial potential is adjusted to 
the same point. Fig. 4.55 shows that potential transients of Fig. 4.54 fall on the 
same transient independent of pulse time. 
With consideration of current balance, the faradaic current, calculated from 
Eq. 4.19, increases with the potential, but the sudden increase due to tip activation 
shown in Fig. 4.47 is not observed, as shown in Fig. 4.56. It was also shown in 
Fig. 4.47 that the oxidation current is much smaller than the currents in Fig. 4.54, 
within the potential range in Fig. 4.56. Therefore, the faradaic current observed 
during the potential transient is primarily due to an increased rate of metal 
dissolution on the active part of the tip surface present at the reduced current 
During the potential transient, the metal dissolution current density referred to 
tunnel tip area increases with potential. The current increases by a factor at 
the peak potential Ep. At Ep, the dissolution current density referred to the tunnel 
tip area is corrected by substracting the faradaic current i, which Is responsible for 
the oxide growth on the filmed surface. Therefore, the dissolution current density, 
(4.28) 
'a2 
and i, is obtained from Fig. 4.48 at same potential Ep. Fig. 4.57 shows a linear 
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relationship between Ln iy and Ep-E|, and C, is obtained from the slope: 
e C'C-S) (4:29) 
where E, is the potential at reduced current after ohmic drop is considered. The 
metal dissolution current density i^ is not dependent on the actively dissolving area 
on the tunnel tip, but on the total tip area. On the other hand, when metal 
dissolution current density iy is referred to the actively dissolving area on the tip, i^ 
can be expressed as 
'd ~ ~ h (4.30) 
>a2 
where is total tip area and A, is active tip area. Fig. 4.58 shows that iy 
increases as the active area on the tip decreases. 
The equivalent metal dissolution current density was also inferred by 
measuring patch height increase with etching time at igg. When the pulse time is 
12 ms at \^l iai=0.25, Fig. 4.59 shows that patches initially grow faster than the 
calculated metal dissolution current density (4xiyo) at peak potential Ep, which was 
represented as a solid line in Fig. 4.59. For \^l iai=0.5 and tL=12 ms, the patch 
growth rate is similar to \J 1^1=0.25 in the early period and it is also much 
higher than metal dissolution rate obtained from Eq. (4.28). After t^, of about 10 
ms, the growth rate of patches decreases to the steady tunnel growth rate, 2,1 
pm/s. At pulse time of 4 ms, the patch growth rate is relatively lower than above 
and this can be explained by the presence of more patches on the tip surface. 
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Thus, there is apparently currentless rapid metal dissolution on a short time scale 
of a few ms, and this rapid initial currentless metal dissolution was also observed 
during early pit growth (40). In the case of pit initiation, the potential is initially 
maintained above the repassivation potential Er, and this positive potential 
deviation from the repassivation potential induces rapid initial metal dissolution 
until the increased ohmic potential drop resulting from pit nucleation and growth 
brings the surface potential back to Er. 
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5. CONCLUSIONS 
Passivation of corroding surfaces in aluminum etch tunnels was investigated 
by either current step current reductions or cathodic current pulses In applied 
current. For step current reductions, the time-dependent topographic change of 
corroding surfaces in both pits and tunnels, during oxide formation, was measured 
using scanning electron microscopy and atomic force microscopy. Accompanying 
potential transients were measured, and the effects of potential on surface 
topography changes were interpreted by considering current balance. From these 
observations, a mathematical model describing the progress of passivation at early 
times was developed and compared to experimental measurement. For cathodic 
current pulses, the effect of pulse time and current pulse ratio on passivation and 
pit nucleation was investigated through the morphological study of actively 
dissolving tunnel tip surface and accompanied potential transients. 
The following conclusions were drawn from step current reduction 
experiments. 
(1) When the applied current was decreased by step reduction, the corroding 
aluminum tunnel tip surface, which is a flat with no current reduction, is initially 
composed of a number of small patches (0.01 - 1 pm) surrounded by flat surface. 
Those patches are actively dissolving areas at constant current density, and the 
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flat surface Is passive. The number density of patches increases linearly with the 
Increase of current reduction ratio igg/lai. but the initial patch size Is invariant with 
different current reduction ratios. 
(2) As the etching time t^ at reduced current Increases, the average patch size 
increases by both patch growth and merging, but the number of active patches 
decreases. The area increase by patch growth is compensated by passivation of 
increasing numbers of patches. 
(3) For different current step times (100 ms, 5 s), similar potential transients are 
observed but potential relaxation times are different. Pits are the main etching 
structure for 100 ms step time but tunnels are generally observed for 5 s step 
time. The potential relaxation time for pits Is 10 - 20 ms, as opposed to 200 - 300 
ms for tunnels, and the potential relaxation time in both cases is In agreement with 
a time for the number of active patches to be reduced to one. 
(4) The tip surface is maintained at the potential below repassivation potential 
during potential relaxation. The potential of zero charge of AI is estimated to be a 
minimum potential of 100% reduction, on which the active patches are not 
present. Therefore, the results above Indicates that the patches are only found 
within the potential range between the potential of zero charge and the 
repassivation potential of aluminum, and the actively dissolving area increases 
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linearly with potential, from zero near the potential of zero charge to the entire 
surface at the repassivation potential. Metal dissolution takes place in the form of 
patches. This potential dependence of patch coverage suggests that the patches 
are islands of specifically adsorbed chloride ions, so that passivation is controlled 
by desorption of these ions. 
(5) After step decreases in current, the potential decreases rapidly to the 
potential minimum, at which the faradaic current is adjusted to the reduced current 
since the capacitive charging is zero. The reduction in both weight loss and 
tunnel growth velocity in current cycling experiments indicated that the reduction in 
faradaic current at the potential minimum is achieved not by a increase of the 
cathodic hydrogen evolution rate, but by a decrease of metal dissolution rate. 
(6) A mathematical model describing the progress of passivation at early times 
was developed by considering the current balance equation, which includes 
charging current, metal dissolution current and passivation current. The 
characteristic passive current density, ip, was determined empirically using the 
potential transients for 100% current reduction experiments, ip can be applied to 
different current reductions because it relates to a differential element of passive 
area, not by the total passivated area. 
The model shows a good agreement between experimental and predicted 
potential transients. It thus suggests that passivation at early times is controlled 
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by potential-dependent specific adsorption of chloride ions on the aluminum 
surface. The calculation also shows a good agreement with measured potential 
transients at room temperature, where only corrosion pits with irregular shapes are 
found. Therefore, it is concluded that the passivation mechanism found in 
aluminum etch tunnels is not related to their unique geometry. 
The following conclusions were drawn from cathodic current pulse 
experiments. 
(7) Passive films are formed on the actively dissolving tunnel tip surface when 
a current interruption (iaa/'ai^O) is applied. For a small etching time after current 
pulse, it was observed that pits are nucleated on the passivated tunnel tip surface 
and the number of nucleated pits decreases with increase of pulse time. These 
may be caused by difference in the susceptibility of passive films, which are 
produced by cathodic current pulses, toward pit nucleation. 
For a large etching time after current pulse, these pits nucleated at earlier 
times covered the entire tip surface, and continued to grow as a tunnel. However, 
part of the tunnel tip surface remains passive when the pulse time is larger. 
(8) Current cycling experiments showed that the passive surface formed by 
current pulses was reactivated by the following current step increase and the 
reactivation time increases as pulse time increases. When the time at the high 
current is shorter than the reactivation time in one cycle, the fraction of passive 
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area on the tip surface increases and, finally, tunnels stop growing after more 
current pulses are repeated. However, tunnels continue to grow when the time at 
the high current is longer than the reactivation time. 
(9) Potential transients after current interruptions were interpreted using 
topographic study of tunnel tip surfaces and the current balance equation. Initially, 
Ar® ion are transported through the film by a high electric field, and the passive 
film formation takes place on the entire aluminum surface. After the completion of 
oxidation, pits are nucleated on the tip surface and a small excess current caused 
by nucleation is balanced by the formation of passive film. 
(10) After step current reduction, the presence of small patches at earlier times 
was suggested by partial current pulse experiments, with the topographic study of 
tunnel tip surface. It was also observed that passivation was induced by partial 
current pulses, and the passivated area increases with pulse time. 
(11 ) When an applied current increases by step after partial current pulse, metal 
dissolution current density referred to tip area increases exponentially with 
potential. Very rapid currentless metal dissolution is found at times of a few ms. 
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APPENDIX 
In a 100% current reduction experiment, the measured potential transients 
up to the minimum potential were fitted with third degree polynomial, 
E = ^ (1) 
The current balance equation which considers charging current, metal dissolution 
current and passivation current is 
V - (2) 
where is the reduced current, n, is the number density of tunnels and i^^ is the 
initial metal dissolution current density, 6.1 A/cm^ and is the tunnel tip area. 
That is, n/iJdo is the initial applied current density, i^^. The capacitance of the 
surface was calculated from the initial rate of change of potential, and k was 
obtained from experimental data 
^^2 ~ \ ^ (3) 
^ 'ai 
where AEg is the surface overpotential, E^^in-Eo, relative to the repassivation 
potential (See Fig. 4.32). k was 5.71 V'\ 
With these parameters obtained, charging current and metal dissolution 
current were determined from the measured potential transients and the passive 
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current was calculated from Eq. (2). Fig. A.1 shows the variation of each currents 
with time. The passive current density jp(t) is referred to the tip area and it is 
determined by the differential change of passive area, oWand the passive current 
density ip(t) referred to the passive area on the tunnel tip. jp(t) can be expressed 
as 
J„'  kj{-^)IJ,t-z)dx (4) 
and ip(t) was taken to be the form of 
ipit) =mexp(-af)  exp (  -bt ) (5) 
In Eq. (4), the experimental jp transient was fitted with 
(6) 
for the increasing section, and with 
jp(ti = pexpi-qtf (7) 
for the decreasing section. The derivative of potential with time was determined 
from Eq. (1) 
= âi  t2^f+3^/^ = (8) 
and the parameters in Eq. 5 was determined. The values are m=-0.94, n=3.22 
and a=6.86x10'^  A/cm^, b=1.85x10"® A/cm®. That is, ip(t) is 
0.04 
charging current 
metal dissolution current 
passivation current 
0.02 
4M 
E 
o 
-0.02 
-0.04 
0 50 100 150 200 
Time (|is) 
Figure A.1 Variation of charging current, metal dissolution current and passivation current with time 
after current reduction. 
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y / )  =  - 0 . 9 4 0 - 0 ° ® ® ® ' ( 9 )  
and it can be applied for different current reductions because it is related to the 
differential element of passive area which is independent of total passivated area. 
For different current reductions, potential transients were predicted by 
solving a current balance equation, Eq. (2) with Eqs. (4) and (5). The Laplace 
transform of Eq. (2) is 
^ - C^sê(s) Wjl *kHs)l-A^n,ks-e(s)l^s) (10) 
Where e = E-E^, i = n,AJd. and i (s) is 
By inserting Eq. (11) into (10) and rearranging. 
«W . (12) 
is obtained, and the potential transients for partial current reduction experiments 
are predicted by the inverse Laplace Transform of Eq. (12) as follows; 
The predicted potential decreases to the minimum potential at t=t', and the 
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expression of jp in Eq. (4) at later times was modified 
r t 
= (-^)ipit-'^) ch + /f/ (-^) ifjit-x) ck (14) 
0 r 
It was supposed that the passive area on the tip did not change with time when 
time is greater than t* Therefore, the second term of Eq. (14) is not considered in 
the calculation of jp(t) at t > t* because the passive area Ap is equal to AokfE-EJ 
and, 
dAp = =0 3t t ^ (15) 
When t is greater than t*, jp(t) for partial current reduction experiments were 
obtained with Eq. (14) and Eq. (2). Figs. 4.34-4.37 shows that the predicted 
potential transients were in good agreement with the measured potential 
transients. 
